Abstract. DDGS is one of the main coproducts obtained from corn dry grind ethanol processing. Cake formation/agglomeration in DDGS has been recognized as a major problem in its flowability and long term storage. In our previous studies, the physical and flow properties of DDGS were investigated using the Carr powder tester and Jenike shear testing. In addition to those, the surface characteristics of DDGS are very important, as these properties will impact the resulting flow behavior of DDGS during storage, handling, and transportation. These types of properties, however, have not been determined for DDGS. As a first step toward that, the objective of this study was to characterize the glass transition temperature of various DDGS samples using differential scanning calorimetry (DSC). The DDGS investigated included unmodified DDGS, reduced fat DDGS, dewaxed DDGS, and DDG. The glass transition was observed to occur near 20oC for all the samples. The next step in this research will be to link glass transition temperature with other physical and flow properties.
Introduction
DDGS are energy dense as they contain high fat contents, and are devoid of starch. DDGS contains about 86 to 93% (db) dry matter, 26 to 34% (db) crude protein, and 3 to 13% (db) fat . It is an excellent source of energy and protein for animal feeds. Due to the massive growth of ethanol industries, there is a significant production of DDGS. The production of DDGS is over 13 million metric tons in the fiscal year (AAFC Bulletin, 2006 . To maximize the utilization of DDGS, it has to be transported to long distances. DDGS would be exposed to variety of temperatures and humidity conditions during handling, storage, and transportation. During these situations, the DDGS may transform into a solid cake or liquefied by absorbing water. This might lead to difficulties in unloading DDGS from the storage vessels and severe economic losses to the DDGS producers. DDGS storage and flow behavior depend on the physical, chemical, flow, and surface properties of the material itself, as well as external conditions such as air temperature and relative humidity. At times, even small differences in these factors can cause caking and bridging (i.e., poor flowability) in DDGS. In authors' previous studies, the physical and flow properties of DDGS were characterized using Carr powder tester and Jenike shear tester (Ganesan et al, 2006 (Ganesan et al, , 2007 .
Differential scanning calorimetry (DSC) is a recognized thermal analytical technique that can measure thermal transition of materials. DSC measures the heat flow difference between a sample and a reference material which are subjected to same temperature variation in a controlled environment. The difference can be either positive or negative. DSC examines the heat effects related with phase transitions and chemical reactions as a function of temperature. The other properties can be measured in DSC are melting, crystallization, denaturation etc. DSC is a versatile technique and is being widely used for many applications in polymer and food powder industries (Farkas and Farkas, 1996) . Stickiness and cake formation are the problems commonly faced by food powder industries. Glass transition is considered to be associated with water content and water activity in relation to storage of food powders (Raemy, 2003) . The glass transition occurs over a temperature range, it can be from 10 to 20°C (amorphous sugars), or may be 50°C (food polymers) (Fitzpatrick et al, 2007) . Stickiness is commonly considered to be the onset of caking, which occurs when liquid bridges form between adjacent powder particles (cohesion), or between particle and another surface (adhesion) (Peleg, 1983; Papadakis and Bahu, 1992; Aguilera et al, 1995; Roos, 1995) . Many published literatures are available on the interrelationship between the glass transition temperature (T g ) and stickiness of powders (Peleg and Mannheim, 1977; Downton et al, 1982; Wallack and King, 1988; Chuy and Labuza, 1994; Aguilera et al, 1995; Lloyd et al, 1996; Bhandari and Howes, 1999; Meste et al, 2002; Fitzpatrick et al, 2007; Liu et al, 2007) .
DDGS is like other food powders and ingredient mixes, contains many different components which makes difficult to predict their flow behavior (Fitzpatrick et al, 2007) . DDGS contains about 26 -34% (db) protein, 3 to 13% (db) fat, and 0.3 -1% (wb) glucose. It is speculated that there may be some liquid bridge formation, crystallization, or melting within the DDGS particles during storage and transportation. This might be one of the reasons for DDGS flowability problem currently faced by the DDGS producers. Until now, there are no published literatures on glass transition/ stickiness characteristics of DDGS. So, the objective of this study is to investigate the application of glass transition temperature of DDGS samples to evaluate its flowability.
Materials and Methods
The DDGS samples used were regular DDGS, reduced fat DDGS (fat reduced from 10 to 2% (db) at industrial scale), de-wax DDGS (fat removed at lab scale), and DDG (no syrup added). All these DDGS were procured from two commercial ethanol plants in South Dakota. The DDGS samples were stored in sealed plastic buckets at room temperature until needed.
The glass transition temperature (T g ) of DDGS samples was measured using differential scanning calorimeter (Model #50, Shimadzu Scientific Instruments, MD, USA). DSC has been extensively used to characterize the phase transition in food and polymer materials. The glass transitions of carbohydrates and proteins are affected by water, with greater water content resulting in decreased glass transition temperatures (Fitzpatrick et al, 2007) . So, the moisture of the DDGS samples was evaporated by keeping them in an oven at 45 
Results and Discussion
Thermal characteristics of three different DDGS (regular, reduced fat, and de-wax) samples and one DDG sample were measured using DSC. All DDGS showed a similar DSC heat flow curves (Figures 1-4) . The onset and final point of glass transition are obtained by extrapolating the side and baselines.
Unlike the pure polymers, there was no sharp state transition observed for any of the DDGS. From the results, the onset of T g for all DDG(S) was found to be at around 20 o C (room temperature). The state transition of regular DDGS seemed to be lengthy from 20 o to ~ 50 o C and similar to the behavior of polymers in food (Fitzpatrick et al, 2007) . But the glass transition temperature for other DDGS (reduced fat, de-wax, and DDG) spanned between 20 o and 30 o C. It was observed that the reduced fat and de-wax DDGS showed similar glass transition curves. But the curves obtained for regular DDGS and DDG were different from each other as well as from others. According to Rahman (1995 Rahman ( , 2006 and Rahman and Labuza (1999) , the glass transition in food materials is easily observed by a step change in the DSC base line of heat flow. All DDGS showed a step change in the heat flow curve, but it was not a sharp state transition like in other materials.
It is likely that chemical composition also affects the thermal behavior of foods (Raemy, 2003) . The glass transition of many proteins and fats are found in literatures (Hoseney et al, 1986; Fujio and Lim, 1989; Arntfield et al, 1989; Dickinson, 1992; Keller et al, 1996; Morales and Kokini, 1997; Johari and Sartor, 1998; Akinori et al, 2000; Roos, 2003) . Slade (1984) reported that the native wheat gluten with 6% moisture had a glass transition temperature at 66 o C, whereas the dry gluten protein had a T g ranged from 124 o C -145 o C (Noel et al, 1995) . Proteins in food systems are usually miscible with water and show phase transitions (melting, crystallization) as well as state transitions (denaturation, glass transition, and gelatinization). Also, proteins in food systems are rarely found to be in equilibrium state and always they tend to form amorphous, non-crystalline structures (Roos, 1995) . On the other side, fat exhibits complex polymorphic forms and recrystallisation phenomena that makes it thermodynamically unstable component. During heating and cooling, fat goes through numerous thermal transitions and is not resistant to agglomeration and flocculation (Keller et al, 1996) . The DDGS used in our study is not a homogenous material and it is concentrated with more protein content and some fat content. The proteins present in DDGS might be of amorphous nature, as amorphous components are thermodynamically unstable and there would be a driving force for them to crystallize (Fitzpatrick et al, 2007) . These amorphous proteins can show various time dependent changes that affect product stability. Also at optimum conditions of temperature and moisture content, the amorphous components can congregate as a high viscous flow that makes them sticky and can lead to potential caking. In ethanol industries, condensed distillers solubles (CDS) is added to distillers wet grains (DWG) and dried at around 700-900 o F in rotary drum dryers to get DDGS. Temperature at this higher level would eventually disrupt the protein networks and fat structure and it might be an irreversible effect. Morr (1990) observed that heating soy protein dispersions above 70 o C dissociates its quaternary structure, denatures their subunits and promotes protein aggregates. So, it is speculated that the drying process might play a major role in DDGS caking problem.
From the DSC results, it was also observed that the heat flow in regular DDGS (-0.7mW to -0.6mW) was less compared to reduced fat and de-wax DDGS (-0.4mW to -0.3mW) and DDG (-0.5mW). The high negative heat flow value of regular DDGS and DDG shows that they took less heat to flow thro them than the reference cell. This behavior is suspected to be due to the difference in the fat composition of DDGS. May be due to the relatively high fat content, the regular DDGS and DDG took less heat for state transition than reduced fat and de-wax DDGS. As mentioned earlier, stickiness is regarded as the first stage of caking, which in turn ultimately leads to advanced stages of caking (agglomeration, compaction, and liquefaction) at favorable conditions in granular solids. The thermodynamic instability of the components (protein, fat, and residual starch) present in DDGS makes it more cohesive and lead to the severe flowability crisis.
Conclusions
In this study, the application of glass transition temperature to assess the flowability of DDGS was investigated using DSC. From the results, it was observed that the transition takes place at around 20 o C. The transition detected was not sharp, so we could not be able to adequately conclude the glass transition of DDGS. This is a first study of its kind towards the application of DSC on interrelating DDGS glass transition to its caking behavior. It should be interesting to examine more meticulously the thermal behavior of DDGS between 20 o and 50 o C for future investigations. This might lead to a fruitful conclusion about the glass transition and stickiness of DDGS. 
